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THE PARAMETERISATION OF METAL CENTRED REDOX COUPLES

By A. B. P. Lever,

Dept. of Chemistry,

York University,

North York (T oronto),
Ontario, Canada, M3J 1P3.

1. Introduction

Crystal field theory played a dominant role, from the 1950s, in the renaissance of inorganic
chemistry. Its ability to reproduce the d-d (crystal field) spectra of almost any metal complex, through
combination of geometry and the use of simple equations involving the crystal field parameter, Dq,
made a major impact on the field [1].

The success of this theory is owed to the Spectrochemical Series of ligands in which:-

1) The relative position of any ligand in the Series is independent of the metal ion to which it is
attached, and

2) The contribution of a set of n ligands is additive, i.c. is obtained by summing the Dq
coatribution of each ligand.

The question then arises - could one create an Electrochemical Series of ligands, with parameter,
say,:#(L), which could be used to re?toduee any metal-centred redox poteatial, E(M(m + 1/m)) in a

complex Mx,\'yz,, from a weighted sum of Ej (L) parameters,

i.c. in this case, [EE; (L))] = xEp (X) + yE[ (Y) + zE((2).

Such a Series would clearly be invaluable for reasons which will be detailed later. On the face of
it, this sounds like a difficult proposition, because the Electrochemical Series would have to meet both
the criteria expounded for the Spectrochemical Series, otherwise it would not work, or would have
many exceptions.

Onemyexpect.fo:enmple,thatthesequeneeolEL(L)valwfuasoftmetalwn,suchas
Cr(0) would surely be different than for a hard metal ion such as Ta(V), ie. the old idea that soft
ligands prefer to bind to soft metal ions, and hard ligands to hard metal ions, would surely mitigate
against criterion number 1 above, being valid for electrochemical poteatials. That this does not appear
to be the case, at least within the framework of this model, is one of the more important and
revolutionary ideas to come out of this analysis.

Historically there is a precedent for the additive nature of electrochemical potentials stemming
from the work of Pickett, Pletcher, Fenske, Chatt and Treichel betweea 1972 and 1980 [2-8] and
snmmamedbmep]udChmllO],wnhmorereeentconuibunom&omPombeuo[n]

Mdmom&ﬂed&nfomsummlysubsumdamylspmuy&(cms,
by ligands L, to form Cr(CO)4L, Cr(CO)3L, etc, onc may write an equation for the oxidation
potential, in this case E(Cr(10)):-

E(ox) = A + n(dE%dn); + Cy (1)

where dE9/dn is the change in potential upon replacement of n CO groups by n ligands, and A and C
are constants. A ligand parameter, P; was defined [10,12,13] where, for example,
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P = E;p[Cr(CO)g] - E; 5|Cr(CO)sL] o))

with some additional refinements to which the reader is referred {11). We also note an carly recognition
that Ru(Ill/TI) potentials correlate with Py values {14]. Thus, ligand additivity does have apparent
validity, at least within a fairly narrow group of organometallic complexes. Yet the model, represented
by equations (1,2) has not been developed in any detail, and to date, there are only about 20 ligands for
which P} parameters have been derived.

2. Standardization

We therefore seek a more broadly based procedure, standardisation, which would permit this
theory to be used widely both in organometallic and coordination chemistry.

A standard must have certain characteristics:-

i) be available for a very wide range of ligands, ii) be electrochemically reversible, or at least
quasi-reversible, and be largely solvent independent (except for the special case of water), iii) have
potentials which are largely independent of stercochemistry (e.g. cis, P_ﬁ_{. fac etc) and
independent of overall charge i.c. it should not matter whether we deal with or .

The "obvious" choice to fit these criteria, is the E(Ru(III/IT)) couple which is known for a very
large number of complexes and usually meets the other criteria listed above.

Thus we definc a parameter for the infamous [Ru(bpy);]2+ ion (bpy = 2,2"-bipyridine) such
that:-

Ey (bpy) = 16 E(Ru(ILID){Ru(bpy)]2 * ®

and where all potentials refer to NHE. The factor 1/6 is employed because there are 6 ideatical Ru-N
bonds in the [Ru(bpy)3]2* ion. It is evident that the sum, 6 Ej (bpy), reproduces the Ru(IIVII)
potential for the [Ru(bpy)12+ ion.

If we now consider species such as Ru(bpy),L,, Ru(bpy)L4 or indeed Rulg, their Ru(IIl/II)
potentials are reproduced by:

E(obs) = 4 E; (bpy) + 2E; (L)
E(obs) = 2 E; (bpy) + 4E (L)
E(obs) = 6 E; (L) @

respectively. Thus, the observed clectrochemical potential for the general complex RuxnyZL is given
by:

E(obs) = xEy(X) + yE{(Y) + 2E{(Z) = EEL(L)] ©

and it is clear that from an extensive database of ruthenium complexes, with known Ru(II/II)
potentials, onc may derive Ej (L) values for a large oumber of different ligands. Where a given L
appears in many different complexes, values of Eq (L) are averaged to give the best fit to the data In
this fashion, Eq (L) values have now beea reported for over 200 different ligands [15].

3. Procedure and Experimental Results

We may now take any general metal complex, MX,YYZ.z (not necessarily ruthenium) and write,
for any observed potential (¢.g. M(III/IT), or M(TI/T) etc.):
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E(obs) = S\ITEL(L)] + Iy (©)

where S)4, the slope, and Iy, the intercept would be 1 and zero for the specific case of the Ru(III/I)
couple in & ruthenium (in an organic solveat), but differ from 1 and zero in the general case.
Equation (6) represeats a plot of any observed metal-ceatred redox poteatial for the geaeral species
MX, Y, Z, against the calculated Ru(IIVIT) potentialfoﬂhemetpondingkux,\’yzlspedu(which
does not in fact have to exist).

If this procedure is to be successful, thea equation (6) must be valid, linear, for a wide range of
metal complexes, in many oxidation states. This is scen to be the case. Data for Os(III/IN), Fe(TII/I),
Cr(II/), Mn(T1), Cr(10), Mo(1,0), Nb(V/IV), NK(IV/I), Ta(V/V), Re(TV/III) are shown in Figures
3 - 10 of the original publication [15], with slopes and intercepts listed in Table 1. Some additional data
for Ru(TV/II) and Os(I'V/I) are shown here in Figures 1,2,

Our study shows that for most complexes, good linear correlations are indeed observed (with
equation (6)), with oo significant dependence upon the organic solveat, unless special solvatochromic
phenomena are present, and 0o significant dependence upon the overall net charge (e.g. between

[MXg)™ and [MY4]™) in organic solvents.
3
28
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Figure 1 A plot of Ru(TV/III) and Ru(III/II) Figm'e.z ..Aplo(o.fOs(IV/m)andOS(llI/ll)
potentials in organic phase, vs [LEp (L)} potentials in organic phase, vs [EE; (L)}
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Water, however, is a special case. Thus Spg and I values, listed in Table 1, are different in
water from their values in a general organic solvent, and are strongly dependent upon net charge. Thus
lfthenetchrgenkepteomunt,(e.g.aﬂ[MX,YyZJz*)goodhmrconehmmdsoobsewed
for aqueous phase couples.

Since the electrode poteatial is determined, at least in part (see section D, (a) below) by the
relative binding energies of the ligands L to the metal ion in the lower and upper oxidation states, the
Sp and Ip4 values in equation (6) should be dependent upon:
1)tbecoo:dmmnnmber.mdtheuenochemofthctwospeuum.n‘n*landMLn'“,n)the
spin states of ML, ® * 1 and ML ™, and iii) the pair of oxidation states involved. i.c. the value of m.

Data have been collected almost exclusively for six coordinate (n = 6) octahedral species. Thus
thcmjorvariableiupinsweandindeed(sce‘hblcl)themagnitndesoftthMandlMparamctcrs
do depend upon spin state, where, for example, the low spin Fe(IlIVhigh spin Fe(IT) poteatials have
different Spq and I)\q values from the low spin Fe(III)/low spin Fe(II) potentials.

They also, obviously, must depend upon the specific pair of oxidation states involved, but this
raises some intriguing questions, to which we return later.

A very large body of data was presented in ref. [15] clearly legitimising the approach and showing
indeed that an Electrochemical Series of ligands can be derived.

3.1 RANGE OF LEGITIMACY

Moaoftheoomplemsmdnedtoduemvolveredoxpmmmnmgnthet sub-shell.t.e
involving dx clectrons. High spin Fe(Il), Fe(1llI) and Cr(II) are the only species to involve do’
clectrons for which Spg and Ipg values are so0 far reported. It was also a primary requirement in
collecting the data for this analysis that the redox couples were all clectrochemically reversible; the
abscneeolmnycb redox processes from the correlation reflects the fact that these processes are
oftea irreversible and that extended sets of electrochemical do ° data are absent from the literature
(because they are m'evenible M.

Using the S dl valus for a specific redox couple with the appropriate Ej (L)
values (vidcl?n!n en allows one to calculate the redox potential, vs NHE, for any
metal complex and any redox couple where the necessary parameters have been

However there are civcumstances where the calculated result may differ from that experimentally
where the actual magnitude of the poteatial does differ from the calculated value because for example:

a) there are strong synergistic interactions between between pairs of ligands via the metal such
that their Eq (L) values are modified, b) there are redox active ("non-innocent”) ligands present, c.g.
qumonec,NO c) a bulky ligand causes a steric interaction which interferes with the E;j contribution of
another ligand (e.g. 2,2":6’,2"-terpyridine is a problem in this respect), d) the case of macrocycles where
the bole size is an important factor in determining the metal ligand binding energy, and bence Ej (L) is
not transferable.

Extrinsic factors are those where one is, in fact, calculating the true redox poteatial, but the
measured experimental valwe reflects complicating external physical or chemical factors, the most
obvious one being a kinetic coatribution, from whatever cause, to the measured redox potential. Such
mmmma)mmgamhmpmhdyw&pudemb)equdibm
are preseat in cither oxidation state M®*1, or M™, say where MX,Y, depends upon the bulk
eoncenmnonofXaYe.;whereXandloersolvoly‘ednpndly.orwhere,forenmple.a
supporting electrolyte ioa, or solveat molecule, might bind to the metal ion in one of its oxidation states,
or in general, any coupled chemical reactions which change the inner shell of the metal ion in cither
oxidation state. Clearly oae should also take the positive view that such deviations betweea observed
and calculsted redox potentials provide a clue that one or more of the above effects is present and may
lead to an estimate of its energy coatribution.
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Table 1 Slope and Intercept Data?, Volts vs NHE

Siope  Intercept R.D #< Solvent

Chromium Cr(IM/Cr(I)(LS) 118  -172 098 14 Organic
Chromium Cr(IIT)/Cr(IT)(LS)  0.575 -1.12 098 8 Water
Chromium Cr(II)/Cr(I)(HS) 0.84 -1.18 0.98 14 Organic
Chromium Cr(I)/Cr(0) 0.52 -1.7§ 097 39 Organic
Iron Fe(IIT)/Fe(IT)(LS) 0.68 024 0.99 24 Water
Iron Fe(T)/Fe(W)(LS) 110 043 09 14 Organic
Iron Fe(TI)/Fe(IT)(HS) 0.89 025 099 8 Organic
Manganese Mn(T)/Mn(T) 0.81 -1.76 0.99 3 Organic
Molybdenum Mo(I)/Mo(0) 074 225 099 24 Organic
Niobium Nb(V)/N(IV) 0.76 1.4 099 3 Organic
Niobium Nb(IV)/Nb(III) 0.75 0.12 0.999 3 Organic
Osmium Os(TV)/Os(1II) 093 10 097 25 Organic
Osmium Os(IIT)/Os(IT) 101 0.40 098 80 Organic
Osmium Os(III)/Os(I) 161 -1.30 0.99 18 Water
Rhenium Re(IV)/Re(IIN) 085 050 098 18 Organic
Rhenium Re(1II)/Re(II) 117 088 097 2 Organic
Rhenium Re(II)/Re(T) upper  0.76 095 0.96 59 Organic
Rhepium Re(Il)/Re(Dlower 027  -143 076 12 Organic
Ruthenium Ru(IV)/Ru(lII) 098 1.80 094 2 Organic
Ruthenium Ru(IIV/Ru(Il) 1 0 1 - Organicd
Ruthenium Ru(TIN/Ru(Il) 114 035 097 4“4 Water
Tantalom Ta(V)/Ta(IV) 0.78 0.64 098 5 Organic

a) All six coordinate. LS = low spin, HS = high spin. b) Correlation coefficient. c) Number of
data points. ¢) by definition.

3.2 MAGNITUDE OF THE Ej (L) PARAMETERS

The E; (L) parameters range in magnitude from about -0.6 for very soft anionic species, to 0 to
0.3 for most amines, to 0.99 for carbon monoxide and greater than 2 for the nitrosonium cation. In

particular, onc may establish relatively narrow ranges for specific groups of ligands:
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Eg (L) 063—>0V

OH", most X" ions, including S anions, strong %-bases.

E (L) 0-—>01V

Saturated amines fall into a fairly narrow range, weakly x-acid unsaturated amines.

Eg(L) 0.1-—> 040V

Unsaturated amines of stronger %-acid character, pyridines, bipyridines etc.

Ep (L) 030-—>040V

Hard thioethers, nitriles, softer phosphines.

E; (L) 035 —>050V

Isonitriles, harder phosphines, arsine, stibines, softer phosphites.

Ej(L) 050--—> 065V

harder phosphites.

E (L) 065--—->075V

Dinitrogen, nitrites.

Ep(L) 0.70-—> 095V

Positively charged ligands, % -acid olefins.

Eg(L) >09V

CO,NO*

Therefore, even if a partmular ligand does not have a tabulated Ej (L) value (in [15]), a rough
estimate can generally be made.

3.3 PROBLEMS WITH STEREOCHEMISTRY

In the case of most coordination complexes (as distinct from organometallic complexes),
cigitrans, mer/fac isomers etc usually have similar potentials. Thus equation (6) can be used without
concern as to the mutual arrangements of the ligands. This is often not true for organometallic species
where differences may be 0.1 - 0.5 V. Fenske [4] developed a correction for the HOMO energy of a
carbonyl complex in terms of the number of carbonyl ®  orbitals mteractmg with the HOMO. In the
case of a d% M(CO)g species, all three g orbitals (degenerate HOMO) interact with 4 CO =" orbitals,
while for {rans- ML4(C0)2 species, the t will split commonly to place d(xy) (HOMO) above d(xz,yz).
This d‘xy) will not interact with CO t%unilaﬂy, for ¢is-ML 4(CO), the d(xz,yz)(HOMO) will have 1
CO x  interaction per orbital. Since the stabilisation of the HOMO is related both to the number of
CO groups bonded thereto and the relevant potential [4,9], one introduces, into equation (6), a variable
x such that for the carbonyl species under discussion, equation (6) is replaced by [15b}:-

Eobs = SMIEEL(L) + @] + Iy ™

where q = 4,0 and 1 respectively for the hexacarbonyl, trans and cis dicarbonyl.
In practice, only CO and the isonitrile ligand appear to require this type of stereochemical
correction. For complexes containing both these ligands, a double correction must be imposed, viz:

Egps = SMIEEL(L)+ gx + qQ'y] + Iy 8)

A Table of corrections (q and q’ values) for all common stereochemistries is shown in ref. [15,
Table I1I). Commoanly, for low valeat carbonyl species, x is of the order of 0 - 0.1 V per
HOMO-interacting CO, while y can be larger, as much as 0.2 - 0.3 V per HOMO-interacting isonitrile
group. The isonitrile is a special case since they may be linear or bent and the electron distribution on
the species does depend upon this geometry, i.c. one may suppose that the y correction allows for some
variation of Ej (isoaitrile) value with the geometry of the metal-isonitrile bonding,
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4. Significance and Application
4.1 SLOPE AND INTERCEPT

4.1.1. Preamble

Electrode potentials, for say ML6“‘+ l/MI..G“‘, may be thought of as being determined by the
relative stability constants for formation, in the gas phase, of the ML species in cach oxidation state,
and by the differential solvation free energies of each species in solution. The lack of dramatic
variations in redox potential from one orgapic solvent to another, and the lack of any major
dependence, in organic solvent, of the redox potential on the net charge of an ion argues for this
differential solvation energy to be rather small, or relatively constant from one organic solvent to
another, or possibly with magnitude scaled by the [Z Ej (L)] value. Thus arguments based upon changes
in relative binding energy are probably valid.

This issue has been considered in some detail [16-18], where, when dealing with aqueous phase
clectrode potentials, on the other hand, it is emphasized (18] that differcatial solvation free energy
terms can be very large, and certainly very dependent upon net charge.

4.1.2. Slope data in organic solvents.

A slope, Sy, of unity, for dependeace of the given [MLgJ™ * 1/[MLgJ™ couple upon [EEl'(L)]
requires that the ratio of the stability constants (binding energies) for formation of | m+1 and
[ML,J™ is the same as the ratio for binding of the same ligands to Ru(II) and Ru(I), for all ligands.

Slopes greater than unity require that, relative to the Ru(III/IT) ratio, there is preferential
binding to the lower oxidation state, [ML¢]™, and conversely for slopes less than unity.

4.13. Slope data in aqueous phase.
It is difficult to draw conclusions because of the dominance of the solvation frec energy term.

However, it is probable that the argument used above for the ic solveats, can be used if one, say,
compares aqueous phase data for the general species * with data for dipositively charged
ruthenium specics in aqueous medium. Thus Sy for the couple, (derived from dipositively

charged Os(lI) species) in water is 1.61, compared with 1.14 for the Ru(III/IY) couple (derived from
dipositively charged Ru(II) species).

Thus, in water, [Os()Lg]2 * species are more stable than [Ru(ILg}2 + species, relative to
their M(III) partners. The reason is not known but one may speculate that hydrogen bonding is more
important to the lower oxidation state, because of overall charge considerations, and that the larger size
of the Os(II) core allows water to penetrate the coordination sphere to a greater degree than in the case
of Ru(lI).

4.1.4. Intercept.
We may choose to write the poteatial:-

Egpg = 2 + nb + ¢ + ST E; (L)] )

where a is the M@+ 1/M™ jonisation energy in the gas phase. The variable b (always negative) could
be defined similarly to the spherical electrostatic term in crystal field theory raising all the energy levels
to the same degree determined by n, the number of ligands and a consequence of the electrostatic
repulsion betweea ligand lone pair and metal d electrons. Note, however, that in this development, nb
will be defined as the differcnce between the spherical terms for the oxidised and reduced species.
Variable ¢ (cither sign) contains contributions from the reference clectrode and the differential
solvation free energies of the two redox states, thus Iyg = a+nb+c.

For a given redox couple, a is a constant. The lack of solvent dependence (in organic solvents)
suggests that ¢ is approximately constant (for a given system) and therefore the existence of linear
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correlations (Equation (7)) suggests that the differeatial spherical term nb is also reasonably constant,
for a givea redox couple. Alternatively, the invariance of Ipg may reflect that the term nb is itself
linearly dependent upon IEEL(L)]. Further information concerning this term can be derived from
redox potentials of other coordination numbers (varying n) once sufficient data are available.

The value of b will vary with different metals and with different oxidation states of the same
metal. The variation in a, with oxidation couple, makes a major contribution to the magnitude of the
intercept, and is responsible, for example, for the larger negative values derived for low oxidation state
couples.

4.1.4. Slope as a function of oxidation state

Clearly the slope, Spy, (of eqn. (6)) can be expected to change from one metal centre to another,
but what about whea changing oxidation state but keeping the metal centre constant ? In the initial
publication [15], we reported that Nb(V/IV) and Nb(IV/HI) do have the same slope, but only very
limited data were available. Two data sets were reported for Cr(III/I) for low spin and high spin Cr(II).
The Sy value for lowspind‘Cr(m/lI) (0.57) is experimentally almost indistinguishable from that for
Cr(10) (0.52).

Is this a general result ? We report here data for the Ru(IV/III) and Os(IV/IH) couples, (Figures
1,2). The lines are indeed almost parallel with the correspoading M(III/H) lines. (Figure 1).

Meanwhile an analysis of the electrochemistry of rheaium couples [21] (discussed further below)
(Figure 3), shows that the Re(IV/HI) (S = 0.86) and (upper) Re(I/T) (Sp4 = 0.76) correlations are
approximately parallel but with greater deviation for Re(III/IT) (Spq = 1.17).

Qlarke reported data for T(IV/II), Tc(IN/II) and 1'(:([1/6l (20}, with Spq values of 1.0. 1.3 amd
1.4, the last pair, in particular, being almost parallel given the experimental scatter (see Figure 2 in [21]).

Thus there are sufficient data to tentatively conclude that pairs of redox couples of the same
metal iom, will often have similar Spq values, i.c. be approximately parallel, though this will not
exclusively be true.

This is a significant observation which indicates that ratios of the binding constants to the upper
and lower oxidation states of pairs of couples, e.g. Ru(V/IV), Ru(IV/II) and Ru(III/I), are closely
similar, for all ligands (except those for which there are special problems (identified above)).

4.2 THE RHENIUM STORY

A considerable body of data exists for rhenium redox couples [21]. There are additional
complcx'liuinthatsevencoordinneke(ﬂ)(d‘)spedumkmwn. In a few cases [21], six coordinate
Re(II) complexes may bind solveat or clectrolyte to generate a seven coordinate species whose
formation will lead, obviously, to an anomalous potential. Nevertheless, the Re(IV/II) line is
well-behaved and the Re(III/II), subject to the above proviso, is also quite well behaved (Figure 3);
however they are not paraliel.

Strikingly, the Re(II/T) correlation breaks down into two separated lines, with a break near
[EE (L)} = ca. 1.5 (Figure 3). Had the upper line been extended to values of [EEg (L)) ca 0, then the
two would bave crossed and two-electron couples (Re(Ill/T)) would have been observed. This is
avoided by complexes with [EEq (L)] < 1.5 falling on the lower Re(I/]) Line.

Complexes on the lower line are substantially more stable in the Re(Il) oxidation state (or less
stable in the Re(I) oxidation state) than they would have been, had they fallen on the upper line. The
reason for this is by no means clear. Arguments should be based upon spin state, coordination number
or stercochemistry. The most likely possibility is a change in stereochemistry, perhaps from octahedral
to trigonal prismatic, from the upper to the lower line. However this explanation is only favoured in the
sense that arguments based upon spin state or coordination number variations seem less tenable.
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Figure 3. A plot of Re(IV/I), Re(II/) and Figure 4. A plot of cylopentadicayiruthenium
Re(IVT) potentials in organic phase, vs (Ru(II/IT)) and pentamethylcyclopentadieayl
EELML)} mangancse (Ma(IUT)) redox poteatials versus
F;kg.)] in organic phase (data from

4.3 CYCLOPENTADIENYL SYSTEMS

Redox poteatials of cyclopentadicayl (and other arcoe ligand) complexes have beea studied in
some depth by Strelets [22] who documented well behaved variations with propesties such as the
ionisation potential of the metal. No intensive analysis of such electrochemical data has yet beea
attempted with Ey (L). Clearly the Cp unit will modify the metal ion dramatically and one does not
mwmmﬂm&emmhnmlhasmmwﬂnu

As cxamples we show in Figure 4 [data from 23-26}, a plot of data for ruthenium and manganese
Cp species, with variation of the other ligands bound to these RuCp and MaCp cores. Clearly they are
well behaved, but the slopes are dramatically greater than for any other correlations yet demonstrated.
Further studies are necessary, but it appears that the Cp unit renders the central metal atom very much

'y




Vi.ve SaNnLLd.uUC marcn 19/ %4 ——iy=-

more polarisable by the other ligands, than in its abscace.
4.4 FUTURE APPLICATIONS

Electrochemical potentials have, in the literature, been correlated with many chemical and
physical properties, e.g. IR stretching frequencies in nitrosyls or dinitrogen derivatives, photoclectron
core binding energies, metal to ligand charge transfer transition (MLCT) energies, ligand redox
potentials, pK, values of related ligands, Hammett 0 -parameters for substituted ligands and some rate
constants, etc. Onc may therefore expect similar correlations with the Ej (L) parameter. We do not
labour this point here, but note that one may be able to derive more useful fundamental information if
the correlation is made directly with the Ep (L) parameter than with a gross metal redox potential.
Some possible examples are shown here, in a very preliminary form, in order to encourage researchers

to explore these opportunities.
1.0 R-Triazene-1-oxides
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Figure S. A plot of Tolman-Bartik electronic Figure 6. A plot of Hammett o , values versus
factors vs. (L E; (L)) (EEg(L)] for ruthemium complexes

(Ru(IIVII)) of triazene-1-oxides and
quinonediimine species (data from [14,30]).
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4.4.1. Tolman-Bartik electronic factors

Tolman introduced [27] electronic factors, x 1, for phosphine and phosphite ligands, based upon
the totally symmetric CO stretching vibration in a phosphine nickel tricarboayl derivative. More
receatly Bartik and co-workers have established this correlation more accurately [28). These
parameters, together with Tolman's cone angle data, have been of great utility in understanding the
chemistry and dynamics of phosphine complexes.

One can expect a correlation between Ej (L) and x| and this is shown in Figure S. This is a
preliminary analysis to show the validity of this correlation which will be explored in more detail [29).
Once the connection between the two parameters has beea well established, it can be used to derive
electronic factors for a range of other related ligands, such as chelating diphosphines for which the
Tolman analysis based on a monophosphine nickel tricarbonyl is unusable.

4.42. Hammett o -factors.

Clearly one can expect a good correlation with Ej (L). Two examples are shown in Figure 6, for
some substituted triazene-1-oxides [14] and quinonediimines {30). The value of such plots lics in the
analysis of their slope providing a two-dimensional picture of the changes of electronic structure which

occur upon changing the substitueat.
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Figures 7,8. Plots of Cr(1/0) and Mo(I0) redox data for for some organometallic species, showing
nitrosyl-containing species as larger opea circles, for clarity (data from [10,31,32)).
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4.43. Nitrosyl complexes

Nitrosyls preseat a special challenge since they are non-innocent (redox active) and the ligand
orbitals geaerally mix strongly with metal orbitals such that redox processes are often not clearly
centered oa metal or NO. Givea that NO can bind, formally, as NO+, NO or NO", a wide variation in
Ey (NO) can be expected. Thus the Ej (L) value could be a useful new tool to understand nitrosyl
chemistry, though its application may be difficult to handle.

Figures 7,8 shows plots of data for ¢hromium and molybdenum nitrosyl species; the slope with
Ep (L) is essentially the same as for non-NO species. Thus, in Figure 7,8 [data from 10,31,32] , a value
for Ey (NO) is used which will cause the nitrosyl complexes to fit the correlation line. This yields
E{(NO*) = 2.55 - 2.57 for both metal ions. Values in the range 1.2 - 1.8, for Ef (NO *), have been
described by Clarke [33] for some technetium nitrosyl derivatives. This area would beanefit from a
detailed analysis.

225
181 P+(OMSO)CI,
' Pr-S
“° 220 .
= P Kukushkin et af.
8 5
9 %
318} §
E - |
“ o 1.80 } :
@ |
Tc=~NS l‘
Clorke et al. ;
14 + 1.7 { ‘
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Figure 9. A plot of the emission energies Figure 10. A plot of Pt-S bond lengths in
(corrected) for Re(CO)(bpy)L with varying P(DMSO)CLL w. Ep (L) (38] and of Tc-N
L vs [ZEy (L)] (data from [35-37]). bond lengths in some technetium NO and NS

complexes versus [ Ey (L)] [39). '
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4.4.4 Emission

The many correlations of clectrochemical potentials with MLCT transition encrgies [e.g. 34)
could be transcribed into Ej (L) plots to yield rather obvious relationships which would allow the
prediction of excited state redox potentials based upon Ej (L) parameters and ligand reduction
potentials. Of more potential value is the analysis of emission energies, necessarily for a given ligand,
when bound to a metal atom to which is attached a series of other (spectator) ligands. An example is
shown in Figure 9 for emission from Re(CO)4(bpy)L species as a function of widely varying ligand L
[35-37]. Unlike the case with the MLCT excitation energies, which are Franck-Condon in nature, this
plot correlates the equilibrated CT excited state energy versus the [EEj (L)] parameter.

Theslopeisdependentbothontherelaﬁvebindingoﬂiganstomelower and upper oxidation
states of the metal, and also upon the relative binding of ligand L, and its reduced species, L, to the
metal upper oxidation state.

4.4.5. Metal-ligand bond distances
Myonpshwrepoﬁednohngaconelaﬂonbctweenccﬂammetal -ligand bond distances, and
Ep (L). Thus the Pt-S bond in Pt(DMSO)CLL varies linearly with E; (L) [38] (Figure 9) and the
c-Nx (X = O,S) varies lincarly with [EEq (L)] (for complex, all ligands excluding BL(NO)) in
technetium nitrosyl derivatives [39] (Figure 10) These observations are noted with great interest and
one expects further examples to be found. Such structural relationships with Ej (L) are of especial
importance in the further understanding of these useful parameters.

4.4.6. Hydrogen and Hydride Complexes.
mhydridehnkmhtereningﬁgmdhnhunﬂyisbymkEL(L)mthodismdedimmhby
its non-innocent nature and by the observation, generally, of irreversible redox processes. Jia and
Morris [40] have studied the chemistry of coordinated dihydrogen complexes and have shown a
relanonshpbetweenthepK,(Ru(H,)*)andthemodlcpotenmlforondanonoftheoomplex.They
used the Ey (L) parameters to show that available (irreversible) redox data for CpRuH(X)(Y) species
eouldbeﬁnedonthebumofthesnmofmhydrogenhpnds(mummgavalut‘o:EL(Cp)) With
wide variation of ligands X.Y, the H, complexes may exhibit characteristics of cither coordinated
dihydrogen or di-hydride. There is a narrow range of possible energies for the t. elcwons,asprobed
by electrochemistry, indepeadent of the metal ion, where stable bonding o q-ﬂ ligand is
at 25° C. Using the Ej (L)model.Moms[w,u]hsmmluedthmmmm'ymtermsof
thestabiluyofthedx-hydmgencomplenndnschcmmlreacuvuy

§. Summary

BL(L)pummpumoneto’-

a) predict the redox potential of given metal couples when structural and spin state information
are available. In a complex voltammogram this will aid in redox couple assignment;

b) predict structure and spin state for a metal complex through fitting its observed redox
potential to a previous correlation;

¢) caiculste the thermodynamic value for a redox couple when kinetic effects or coupled

d) design a metal complex to have a specific redox potential;

e) obtain boanding or structural information where predicted values disagree with the
experimental value, (synergism, non-innocence etc);

f) through detailed analysis of the slopes and intercepts, obtain additional insight into the nature
of the metal-ligand boad.

Exteasion to the types of example shown above in section 4.4 suggests that it may be possible to
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derive new information which cannot readily be obtained with the previous type of electrochemical
analysis. In particular, further studies of the dependence of [EEj (L)] upon excited state energies, bond
distances and non-innocent ligand behaviour is clearly desirable.
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